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Abstract 
 A number of different carbon-filled rubbers have been studied using infrared 
microspectroscopy with an attenuated total reflectance objective incorporating a silicon 
internal reflectance element (IRE). Excellent spectra were obtained of these difficult samples 
in a reasonable measurement time. The  IRE had a contact face of 100 µm diameter, but this 
could be apertured to improve the spatial resolution, but at the expense of the signal-to-noise 
ratio of the spectra. The minimum aperture size, which still produced an acceptable spectrum, 
was 40 µm. The spatial resolution was less than the aperture size because of the effect of the 
refractive index of the IRE. The method was applied to thermally aged rubbers by measuring 
spectra at intervals across a sectioned face. Oxidation profiles were derived from the 
absorbances of oxygenated functional groups in the spectra and were found to agree with 
those previously published. The IR-ATR microspectroscopic method is shown to be simple 
and effective because the measurement is made directly, and non-destructively, on the 
sectioned face of the rubber. 
 
 
1. Introduction 
Carbon black-filled rubbers are recognised as extremely difficult samples to characterise by 
infrared (IR) spectroscopy because of their very high absorptivities and their propensity to 
scatter the IR light.1 Transmission IR measurements are almost impossible on real samples 
because of the difficulty of achieving a sufficiently thin sample. However, transmission 
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sampling through carbon black-filled diene rubber particles diluted with KBr has been shown 
to be useful,2 as have transmission measurements on ultrathin microtomed sections of carbon-
filled rubbers.3 A number of other IR sampling techniques have been applied with varying 
degrees of success. Such techniques have included photoacoustic spectroscopy,4,5 specular 
reflectance,6,7 pyrolysis-IR8 and attenuated total reflectance (ATR).9,10 In particular, the ATR 
method has recently been shown to give good spectra even for industrial formulations 
containing large amounts of carbon black.11 
 While there has been some use of IR macro sampling techniques described above, 
there has been very little use of IR microspectroscopy for the characterisation of carbon-filled 
rubbers. This is because the difficulties associated with the highly absorbing sample are 
compounded by the low energy available in the IR microscope. In fact, to the best of our 
knowledge there has been only one brief report on the use of IR microscopy to characterise 
carbon-filled rubbers, by Connors et al.12 who used the technique in a study of the 
degradation of vulcanized natural rubber museum artifacts. This study was made possible by 
the recent commercial availability of ATR objectives for IR microscopes because this is the 
only microspectroscopic technique which has the potential to be readily applied to carbon-
filler rubbers. 
ATR is a well-known technique for measuring IR spectra13,14. It is a method of 
internal reflectance, whereas specular and diffuse reflection are methods of external 
reflectance. The basic method is that IR light is directed into an internal reflection element 
(IRE), fabricated from a crystalline material, at such an angle that it is totally internally 
reflected at each reflection it makes inside the crystal. The light exits the crystal and passes 
through the spectrometer to the detector. At each reflection a part of the light, called the 
evanescent wave passes beyond the crystal interface and interacts with a sample placed in 
close contact with the crystal. In this way an IR spectrum may be collected. A number of 
different crystal materials are available such as zinc selenide, silicon, germanium and thallium 
iodide-bromide. The crystal material has an effect on the ATR measurement because 
materials of different refractive index affect the depth of penetration and the occurrence of 
anomalous dispersion. Delor et al. found that germanium was a better crystal material for 
carbon-filled rubbers than zinc selenide,11 while Thomasson et al.15 found that for coal, 
another very strongly absorbing sample, silicon appeared to give slightly better results than 
germanium. 
The ATR microscope objective16-18 contains a small internal reflection element (IRE), 
placed at the focus of a Cassegrain optic, that is allowed to contact the sample. The contact 
surface is circular and as small as 100 µm in diameter. Apertures may be used to measure 
samples smaller than the contact surface. Wilhelm18 found that an aperture of 20 µm square 
was achievable for the fingerprint region of the spectrum of polyethyleneterephthalate (PET) 
measured by ATR microscopy using ZnSe or Ge IREs. However, the C-H stretching bands 
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were lost in the noise because they are inherently weak in this polymer and because of the 
wavelength dependence of the ATR experiment (see below). In fact, it has recently been 
suggested19 that the spatial resolution of the micro-ATR experiment is much better than 
previously thought because aperture dimensions should be divided by the RI of the crystal 
material. This means that the theoretical maximum spatial resolution is probably diffraction 
limited. In practice the maximum spatial resolution is usually limited by signal-to-noise ratio 
considerations, especially for difficult samples such as carbon-filled rubbers. 
Care must be exercised when using the ATR objective because with such a small 
contact area a high pressure is generated at the contact point, making it very easy to damage a 
soft surface or to alter the sample morphology.  
A further advantage of the ATR objective is that a degree of control of the penetration 
depth (dp) is possible because, as for macro ATR, the penetration depends on the wavelength 
of the radiation, the refractive indices of  both sample and IRE, and on the angle of incidence 
of the radiation, as given, to a good approximation, in the equation below first proposed by 
Harrick.14  
 
dp       =                   λ 
                                2π n1 (sin2α - n212)1/2 
 
where λ is the wavelength of the radiation, α is the angle of incidence, n1 is the RI of the 
IRE, n2 is the RI of the sample and n21 is n2/n1. 
As far as the ATR microscope objective is concerned, the only variable is the choice 
of the IRE and hence the value of n1. Available IREs for microscope objectives include Ge, 
Si, ZnSe and diamond, which have refractive indices of 4, 3.4, 2.4 and 2.4, respectively. 
Given a typical angle of incidence of 45o and an approximate sample RI of 1.5, which is 
appropriate for many polymers, then the range of penetration depths that can be achieved is 
approximately, λ/15 for Ge to λ/8.5 for ZnSe, confirming that ATR is a near surface 
technique. 
This paper describes the application of IR-ATR microspectroscopy to the 
characterisation of carbon-filled rubbers. In particular, its use for determining oxidation 
profiles directly from aged rubber samples is reported for the first time. The analysis of mid 
IR changes is an important approach in polymer aging and establishing a simple methodology 
for the chemical (IR) and micro analysis of carbon filled materials would be a major step 
forward to support the broad interest in rubber performance and degradation studies. The 
aging and mechanistic description of such materials so far has often been based on micro 
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mechanical modulus profiling20,21, ultra sensitive oxidation rate measurements22, or 
correlation with IR studies on unfilled rubber systems23,24. 
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2. Experimental 
2.1. Samples 
The carbon-black filled rubbers investigated were used as obtained from commercial sources. 
They are based on common formulations containing 30-40% carbon-black for the 
manufacture of O-rings, seals and other products. Some of these materials have been 
characterized previously20-22. The materials available were some generic butyl, nitrile, EPDM, 
Viton® and styrene-butadiene (SBR) rubbers. 
 
2.2. Thermal Degradation Experiments 
Rubber samples (about 1 x 1 cm) were thermally aged in the centre of an air-circulated oven 
at 140°C for a nitrile and 170°C for an EPDM rubber. Samples were removed from the oven 
after periods of time up to 14 days. Based on diffusion limited oxidation conditions an 
oxidation profile across the 2 mm thickness developed. The aged samples were guillotined at 
∼1mm from an edge and mounted in a Plexiglas sample holder so that the sectioned edge is 
horizontal and the oxidation profile at the top of the sample. The sample holder was then 
placed on the movable stage of the FTIR microscope. 
 
2.3. Infrared Microspectroscopy 
IR spectra were collected using a Nicolet 870 Nexus Fourier transform infrared (FTIR) 
system including a ContinuumTM IR microscope equipped with a liquid-nitrogen-cooled MCT 
detector, and an ATR objective incorporating a Si internal reflection element (Nicolet 
Instrument Corp. Madison, WI). The contact area with the sample was circular with an 
approximate diameter of 100 µm. The area of the sample to be measured was selected visually 
and the stage was raised until contact was made between the surface of the rubber sample and 
the ATR crystal. Reproducible contact was achieved by the use of an electronic sensor plate 
attached to the microscope stage. ATR spectra were collected in the range 4000 – 700 cm-1. 
128 scans at 4 cm-1 resolution were co-added to give the final spectrum. Background spectra 
were obtained through the ATR element when it was not in contact with the sample. For line 
maps the stage was moved under computer control. Spectra were manipulated and plotted 
with the use of the GRAMS/32 software package (Galactic Corp., Salem, NH). Spectra were 
normalised to the C-H stretching band at 2920 cm-1.  
 
3. Results And Discussion 
3.1. Micro-ATR Spectroscopy of different rubber types 
Micro-ATR spectra of 6 different types of carbon-filled rubber are shown in Fig.1. The 
spectra are not corrected for the wavelength dependence of the ATR experiment, 
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consequently the C-H stretching bands around 3000 cm-1 appear weaker than would be 
expected for an absorbance spectrum. Clearly, the spectra are of good quality and can be used 
to distinguish the various materials. The spectra contain information about both the organic 
and inorganic parts of the materials. For example, the butyl (Type II), nitrile and EPDM 
samples, spectra B, C and D respectively, all contain carbonate filler giving rise to a broad 
band near 1460 cm-1, and a sharp band at 856 cm-1. The spectrum of the butyl (Type I) rubber, 
spectrum A, does not show absorbances due to filler, but is dominated by bands which can be 
assigned to additives, including an intense C=O stretch band near 1740 cm-1. It is also worth 
noting that the band due to the nitrile group stretch in the nitrile sample, spectrum C, occurs at 
2235 cm-1 and is surprisingly weak. 
 
3.2. Spatial Resolution 
The spectra shown in Fig. 1 were collected using the maximum signal available from the ATR 
objective, i.e. without using any aperture. If the ATR technique is to be used successfully for 
the measurement of, for example, oxidation profiles, it may be necessary to improve the 
spatial resolution. Fig. 2 shows micro-ATR spectra of butyl rubber (Type I) taken with a 
decreasing aperture size from 100 µm square to 40 µm square. An increase in noise is 
apparent as the aperture size is decreased, but from 100 – 50 µm there is little loss of spectral 
information. At 40 µm aperture size there is a loss of information, particularly in the region 
1000 – 700 cm-1. At this aperture size, using a longer measurement time would improve the 
signal-to-noise ratio. If the aperture size is below 40 µm the signal-to-noise ratio is so poor 
that a very long measurement time would be required to produce acceptable spectra. The 
smallest aperture that is of practical use is therefore 40 µm.  
As mentioned above, it has recently been reported19 that the actual size of the sample from 
which the spectrum is derived is smaller than the aperture size. In fact, the authors suggest 
that it can be calculated by dividing the aperture size by the refractive index of the crystal, 
which for Si is 3.4. Hence, the actual spatial resolution when a 40 µm aperture is being used is 
12 µm, which is approximately the diffraction limit. This is the maximum spatial resolution 
that can be achieved. 
 
3.3. Oxidation Profiles 
Oxidation profiles are an important method for visualizing the way in which materials 
degrade under oxidative conditions. They provide important feedback for the development of 
mechanical property changes20,21, modelling20 and lifetime prediction methods25. It is widely 
assumed that mechanical oxidation profiles, i.e. micro-modulus or hardness data correlate 
well with chemical oxidation profiles, although sometimes additional edge effects in the 
chemistry have been observed23,24. In a recent study11 it was attempted to measure oxidation 
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profiles for carbon-black-filled EPDM materials using high refractive index macro ATR 
crystals. While initial results appeared promising this approach relied on a successive 
abrasion of a large surface area perpendicular to the oxidation profile, a destructive and 
limited method for most samples11. Micro ATR methods allow for an immediate 
measurement and more convenient approach. 
The micro-ATR mapping technique can be used to measure the oxidation profile of 
aged rubbers by sectioning the sample and then measuring spectra in a line at intervals across 
the sectioned face. Analysis of the spectra shows the degree of oxidation at different points on 
the sectioned face. Our samples were sheets of rubber with a thickness in the range of about 2 
mm. Small samples approximately 1 x 1 cm were aged in an air oven for various times and 
the samples were then sectioned close to one of the edges. A micro-ATR line map was 
measured across the sectioned surface. Figure 3 shows selected spectra taken in this manner 
from a sample of EPDM aged at 170oC for 8 days. In this case the sample thickness was about 
2.6 mm. Spectra near the edges show increased intensity in the region 1695 – 1750 cm-1 
which can be assigned to carbonyl stretching modes of oxygen containing functional groups 
such as aldehyde, ketone and carboxylic acid. Increased intensity in this region is therefore 
related to increased oxidation of the sample.  
A measure of the oxidation at any part of the sample can be calculated by taking the 
ratio of the intensity of the band at 1704 cm-1 to that of the band at 2848 cm-1. The latter band 
is assigned to the CH2 symmetric stretching mode and is relatively unaffected by the low 
levels of oxidation studied in this work. By plotting this measure of oxidation against the 
position  on the sample, the magnitude and extent of oxidation within the sample can be 
determined. Figure 4 shows oxidation profiles for the EPDM sample aged at 170oC for 4, 8 
and 9 days. Spectra were collected with an aperture of 100 µm at intervals of about 100 µm. 
Spectra of the unaged EPDM show almost no absorption around 1700 cm-1, consequently the 
value of the measured ratio is close to zero. After 4 days oxidation is detected only for the 
surface regions with relative position width of about 0.05 which corresponds to just over 0.1 
mm. After 8 days, oxidation is detected up to a relative position of about 0.25 into the sample 
from both faces. This corresponds to oxidation into the sample of about 0.6 mm from both 
faces. A 9 day profile is little different to that measured after 8 days. 
Figure 5 shows representative spectra for carbon-black-filled nitrile rubber aged at 
140oC for 8 days. Increased carbonyl absorption can be seen around 1730 cm-1 in the spectra 
taken from near the exposed surface of the sample. Note, however, that the spectra of unaged 
nitrile rubber, unlike those of EPDM, already shows some carbonyl absorption because of the 
presence of a carbonyl containing additive or other intrinsic polymer feature. Figure 6 shows 
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oxidation profiles for the nitrile rubber after 12 and 14 days (for comparative purposes only, 
not to establish significant kinetic information). There is little difference between the two sets 
of results. From Figure 6 it can be seen that there is significant penetration of the oxidation 
reaction into the sample. In fact, under these conditions only the very centre of the sample is 
unaffected. This result is consistent with the type of diffusion limited oxidation profile 
expected for this material20-23.  
If the oxidation profiles for EPDM (Figure 4) and for nitrile rubber (Figure 6) are 
compared, it is clear that they have quite different shapes. The profile for nitrile rubber is 
approximately parabolic, while that for EPDM shows a much steeper edge to the oxidized 
region and less penetration into the sample. The different behaviours for these two materials 
are well-known and can be explained by differences in the stabilization and thermal oxidation 
behavior. The EPDM starts oxidizing very suddenly from the surface after consumption of the 
antioxidant. The reaction then proceeds very fast at the higher temperature and is thus 
severely diffusion limited resulting in the steep U-shape profile26. 
 
4. Conclusions 
Micro-ATR spectroscopy has been shown to be a useful method for obtaining IR spectra of a 
wide range of carbon-black-filled rubbers which are normally considered to be very difficult 
samples. Using a silicon IRE good quality low-noise spectra were collected in a matter of 
minutes. The IRE had a contact diameter of about 100 µm, but this could be apertured to 40 
µm to obtain acceptable, but noisier spectra. Owing to the effect of the refractive index of the 
IRE the spatial resolution obtained was better than the aperture size. The use of micro-ATR to 
measure line maps across sectioned aged rubbers to determine oxidation profiles has been 
demonstrated. Such oxidation profiles were sufficiently informative to distinguish different 
shapes for EPDM and nitrile rubber attributed to different oxidation and diffusion limited 
oxidation conditions. High refractive index micro-ATR IR analysis represents a promising 
technique to obtain data on the chemical aging of difficult samples that so far have not been 
accessible. 
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FIGURE CAPTIONS 
 
1. Micro-ATR spectra of a range of different carbon-filler rubbers using an Si IRE and a 
contact area of approximately 100 µm square. (A) butyl (Type I), (B) butyl (Type II), (C) 
nitrile rubber, (D) EPDM, (E) styrene-butadiene, (F) fluoroelastomer. 
2. Micro-ATR spectra of butyl rubber (Type I) taken with a decreasing square aperture size: 
(A) 100 µm, (B) 90 µm, (C) 80 µm, (D) 70 µm, (E) 60 µm, (F) 50 µm, (G) 40 µm. 
3. Selected micro-ATR spectra from a line map across a section of EPDM carbon-filled 
rubber aged at 170oC for 8 days. Distance from one surface: A = 0 µm, B = 252 µm, C = 
972 µm, D = 1452 µm, E = 2299 µm, F = 2521 µm (corresponds to opposite surface). 
4. Oxidation profiles of EPDM at 170°C : (●) : 4 days; (▲) : 8 days; (■) : 9 days. 
5. Selected micro-ATR spectra from a line map across a section of carbon-filled nitrile 
rubber aged at 140oC for 8 days. Distance from one surface: A = 0 µm, B = 208 µm, C = 
411 µm, D = 818 µm, E = 1604 µm, F = 1931 µm (corresponds to opposite surface). 
6. Oxidation profiles of nitrile rubber at 140°C; (◆) 12 days; (●) 14 days. 
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